ABSTRACT Wheatgrass (Agropyron sp.) is a potential source of beneficial traits for wheat improvement. Among them, crested wheatgrass [A. cristatum (L.) Gaertn.] comprises a complex of diploid, tetraploid, and hexaploid forms with the basic genome P, with some accessions carrying supernumerary B chromosomes (Bs). In this work, we applied flow cytometry to dissect the complex genome of crested wheatgrass into individual chromosomes to facilitate its analysis. Flow karyotypes obtained after the analysis of 4¢,6-diamidino-2-phenylindole (DAPI)-stained mitotic chromosomes of diploid and tetraploid accessions consisted of three peaks, each corresponding to a group of two or three chromosomes. To improve the resolution, bivariate flow karyotyping after fluorescent labeling of chromosomes with fluorescein isothiocyanate (FITC)-conjugated probe (GAA) 7 microsatellite was applied and allowed discrimination and sorting of P genome chromosomes from wheat-crested wheatgrass addition lines. Chromosomes 1P-6P and seven telomeric chromosomes could be sorted at purities ranging from 81.7 to 98.2% in disomics and from 44.8 to 87.3% in telosomics. Chromosome 7P was sorted at purities reaching 50.0 and 39.5% in diploid and tetraploid crested wheatgrass, respectively. In addition to the whole complement chromosomes (A), Bs could be easily discriminated and sorted from a diploid accession at 95.4% purity. The sorted chromosomes will streamline genome analysis of crested wheatgrass, facilitating gene cloning and development of molecular tools to support alien introgression into wheat.
T
he gene pool of bread wheat (Triticum aestivum L.) has narrowed during thousands of years of domestication and cultivation. These processes have resulted in the loss of some useful genes including those underlying resistance to diseases, pests, and abiotic stress as well as those affecting yield and quality. Reduced genetic diversity hampers the development of new wheat cultivars with improved quality and stress tolerance. As the wild-crop relatives have not been subjected to human selection, they exhibit large genetic variation and offer a rich source of alleles and genes for crop improvement (Tanksley and McCouch, 1997) . Alien gene transfer through chromosome engineering is an effective strategy to exploit this wild genetic diversity for wheat improvement (Feuillet et al., 2008; Luan et al., 2010; Molnár-Láng et al., 2015; Ochoa et al., 2015; Zhang et al., 2017) .
Beside annual species, the Triticeae tribe includes ~400 perennials commonly referred to as wheatgrass and wildrye. Several chromosomal reorganizations have occurred during the evolution resulting in diverse genetic architecture of this cross-pollinating species . Five major genomic types (St, P, Ns, J, and E) can be discriminated in the diploid and polyploid species. The species of the genus Pseudoroegneria (bluebunch wheatgrass) contains the common genome St, while diploid, allotetraploid, allohexaploid, octoploid, and decaploid species within the genus Thinopyrum (tall and intermediate wheatgrass) possess J, E, and sometimes St genomes. Finally, the genome structure of diploid, tetraploid, and hexaploid species in the genus Agropyron is based on the P genome (Wang, 2011) . Depending on how the genus was treated taxonomically, up to fifteen species have identified in the genus Agropyron (Löve, 1982 (Löve, , 1984 Li et al., 2007; Wang, 2011; Linc et al., 2017) . Agropyron species are considered as highly valuable sources to improve the crop resistance to biotic and abiotic stresses as well as quality and yield-related traits . One of the most widely spread species is crested wheatgrass, which is distributed in Eurasia (Dewey, 1984; Yang et al., 2014; Zhao et al., 2017) . The species, and the tetraploid form in particular, also referred to as desert crested wheatgrass [A. desertorum (Fisch. ex. Link) Schult.], has a great potential for wheat breeding as it carries numerous agronomic traits such as increased production by improving yield-related traits (Luan et al., 2010; Ye et al., 2015; Zhang et al., 2015b) and resistance to stripe rust and leaf rust (Ochoa et al., 2015) and perenniality associated traits .
Unfortunately, difficulties hindering the use of wild genetic diversity in wheat breeding programs are related to the laborious development of alien introgression lines (Friebe et al., 1996; Li et al., 1997 Li et al., , 1998 Fedak, 2015; . Clearly, more effective use of the extant diversity requires screening approaches with increased throughput for the selection of backcrossed progenies and alien introgression lines . The availability of genome sequences of crested wheatgrass would greatly facilitate the development of DNA markers and cytogenetic probes to improve the throughput of the selection system, as has been demonstrated in other plant species (Kofler et al., 2008; Paux et al., 2010; Wenzl et al., 2010; Berkman et al., 2012; Zalapa et al., 2012) . Moreover, effective cloning of agronomically important genes and detailed structural and functional genomic studies in Agropyron sp. would be possible (Zhang et al., 1998 (Zhang et al., , 2015a . However, de novo genome sequencing and assembly is still difficult to implement in Triticeae species with large genomes. Crested wheatgrass has a large and complex P genome estimated to exceed 6 Gbp 1C −1 (Said et al., 2018a) , which hampers genomic studies and the development of an effective marker system for introgression breeding programs.
Analysis of large nuclear genomes can be simplified by dissecting them into individual chromosomes by flow cytometric sorting (Doležel et al., 2007 . The pure (>80%) flow-sorted chromosome fractions can be used as an ideal DNA templates for polymerase chain reaction (PCR)-based analyses, including the assignment of molecular markers to chromosomes and establishment of wheatalien homeologous relationships (Molnár et al., 2011a (Molnár et al., , 2016 , production of chromosome-based bacterial artificial chromosome libraries and development of molecular and cytogenetic markers (Šimková et al., 2008a; Doležel et al., 2012 Doležel et al., , 2014 . Flow-sorted chromosomes of barley (Hordeum vulgare L.), rye (Secale cereale L.), and wheat have facilitated the establishment of linear gene-order chromosome models and allowed researchers to assess gene synteny with other species (Mayer et al., 2009 (Mayer et al., , 2011 Martis et al., 2013; International Wheat Genome Sequencing Consortium [IWGSC], 2014; Molnár et al., 2016) . Moreover, development of reference genome assemblies of agronomically important species such as barley (International Barley Genome Sequencing Consortium, 2012) and bread wheat (IWGSC, 2018) was enabled through the use of flow-sorted chromosomes.
The application of chromosome-based approaches relies on the ability of flow cytometry to discriminate individual chromosomes in the karyotype. The discrimination is based on fluorescence intensity of the chromosomes stained by a DNA-specific fluorochrome, which is related to chromosome size or relative DNA content. The most typically used dye for staining plant mitotic chromosomes for the flow cytometric sorting is DAPI . If individual chromosomes in a karyotype do not differ between each other in relative DNA content, they form either a single composite peak representing all chromosomes or several smaller composite peaks representing groups of chromosomes as it was found in Aegilops comosa Sm. and ovate goat grass (Ae. geniculata Roth.) (Molnár et al., 2011b) . Occasionally, one of the chromosomes can be resolved in addition to groups of chromosomes as the group 1 chromosomes of barley and rye or the 3B chromosome of hexaploid wheat (Lysák et al., 1999; Vrána et al., 2000; Kubaláková et al., 2003; Šimková et al., 2008b) . To overcome this problem, Giorgi et al. (2013) developed a method of fluorescence in situ hybridization (FISH) in suspension (FISHIS), which differentially labels chromosomes in suspension using microsatellite probes conjugated with fluorescent die. Biparametric analysis after FISHIS (e.g., DAPI vs. FITC) permits flow cytometric sorting of plant mitotic chromosomes in several species at high purity (Giorgi et al., 2013; Doležel et al., 2014; Akpinar et al., 2015; Molnár et al., 2016) .
Another approach to flow sort individual chromosomes is to use cytogenetic stocks such as translocation lines as in case of fava-bean (Vicia faba L.) (Doležel and Lucretti, 1995) or chromosome addition and ditelosomic lines as in wheat (Doležel et al., 2007 . If the size of the translocated chromosomes or added alien chromosome or chromosome arm differs from those of species of interest (e.g., bread wheat), its peak can be discriminated and it can be flow sorted at high purity especially if FISHIS is also applied. The availability of wheat-alien addition lines made it possible to flow sort chromosomes of mosquito grass [Dasypyrum villosum (L.) P. Candargy] (Grosso et al., 2012) , while using wheat-Ae. umbellulata Zhuk. ditelosomic lines, the chromosome arms of 2US, 2UL, and 7UL of Ae. umbellulata were flow sorted at high purities (Molnár et al., 2016) .
Identification of the flow-sorted chromosomes requires a karyotype of the species. In this regard, several attempts were made to create a standard karyotype for crested wheatgrass. Asghari et al. (2007) and Yang et al. (2014) used chromosome size and centromere position to develop a karyotype for this species. Recently, Said et al. (2018a) used chromosome morphological data together with the hybridization patterns of nine tandem repeat probes, including pSc200 and ACRI_CL78, to develop a FISH karyotype for crested wheatgrass. The FISH karyotype enabled the identification of each individual chromosome of the species.
An interesting feature of the nuclear genome in some accessions of crested wheatgrass is the presence of smallsized Bs (Knowles, 1955; Baenziger, 1962) , whose evolution, function, and molecular organization has long been controversial and still is (Jones, 1995; Jones and Houben, 2003) . Because most Bs are nonessential, they can be lost without any consequence (Banaei-Moghaddam et al., 2015; Houben, 2017; Ma et al., 2017) . To persist, however, some Bs impose strong forms of intragenomic conflict (Nur et al., 1988; Swim et al., 2012; Aldrich et al., 2017) . Generally speaking, their negative effect on the host is usually associated with vigor, germination, and fertility (Plowman and Bougourd, 1994; Camacho et al., 2000; Harper et al., 2018) . As with their biological function, the origin of Bs is also unclear (Banaei-Moghaddam et al., 2015) . Sequencing of DNA amplified from Bs flow sorted from rye revealed thousands of gene signatures with homology to rye A chromosomes (Martis et al., 2012) . A recent study by Navarro-Domínguez et al. (2017) demonstrated that Bs are transcriptionally active and they could interfere with gene expression and regulation in A chromosomes. Therefore, flow sorting of Bs could help to trace their origin and understand their function in crested wheatgrass.
Motivated by the need to develop genomic resources to understand the genome structure of crested wheatgrass and to produce molecular tools to facilitate gene introgression into wheat, we investigated the ability to flow sort individual chromosomes, chromosome arms, and Bs of the crested wheatgrass genome. We used DAPI and the FITC-conjugated (GAA) 7 microsatellite repeat probe for fluorescent labeling of mitotic chromosomes in suspension prior to their flow-cytometric analysis to potentially facilitate sorting individual P chromosomes from diploid and tetraploid crested wheatgrass species and wheat-crested wheatgrass addition lines of single alien chromosomes or chromosome arms.
MATERIALS AND METHODS

Plant Material
The seeds of diploid crested wheatgrass (2n = 2x = 14, PP) cv. Parkway, accession number PI 415799, released by the Canada Department of Agriculture in 1969 were kindly provided by Dr. Joseph Robins, ARS Forage and Range Research Laboratory, USDA, Logan, USA. The seeds of diploid crested wheatgrass accession PI 499388, the carrier of Bs, and the autotetraploid desert crested wheatgrass (2n = 4x = 28, PPPP) accession PI 222957 were obtained from the USDA-ARS (2014). Seeds of rye (2n = 2x = 14, RR) cv. Daňkovské were obtained from Ms. Jarmila Kvardová, Oseva Agro, Brno, Czech Republic. The seeds of bread wheat (2n = 6x = 42; AABBDD) cv. Chinese Spring (CS), the CS-tetraploid A. cristatum disomic addition lines containing the chromosomes 1P, 2P, 3P, 4P, 5P, or 6P (CS-1P-6P) and telosomic lines containing short (S) or long (L) arm of 2PS, 2PL, 4PS, 5PL, 6PS, and 6PL (CS-PS, PL) were kindly provided by Dr. Adoración Cabrera (Genetics Department, University of Cordoba, Spain). The crested wheatgrass chromosomes and telosomes were transferred to CS bread wheat from tetraploid crested wheatgrass by Chen et al. (1989) . The telocentric addition line 3PS was developed by Said et al. (2018b) .
Flow Cytometric Chromosome Analysis and Sorting
Suspensions of intact mitotic metaphase chromosomes of diploid Parkway, accession PI 222957, and wheatcrested wheatgrass disomic and ditelosomic additions were prepared from synchronized root tips of young seedlings following the method of Vrána et al. (2016a,b) . Flow karyotypes of Parkway and accession PI 222957 were obtained after analysis of DAPI-stained suspensions of mitotic metaphase chromosomes. The chromosome samples of Parkway and wheat-crested wheatgrass disomic and ditelosomic additions were fluorescently labeled by FISHIS using oligonucleotides 5¢-FITC-(GAA) 7 -FITC-3¢ (Sigma-Aldrich) and counterstained with DAPI as described by Giorgi et al. (2013) . Bivariate flow karyotyping and chromosome sorting was done on a FACSAria II SORP flow cytometer and sorter (Becton Dickinson Immunocytometry Systems). The chromosome samples were analyzed at rates of 1500 to 2000 particles s −1 , and bivariate flow karyotypes of FITC vs. DAPI fluorescence were acquired. Sort regions were set on the same dot plot, and chromosomes were flow sorted at rates of 15 to 20 s −1 . The identification of flow-sorted chromosome fractions and their contamination by other chromosomes was done using FISH and GISH according to Said et al. (2018a) and Cabrera et al. (2002) , respectively. Briefly, ~1000 chromosomes were flow sorted from each chromosome peak identified on a flow karyotype onto a microscope slide into a 7-mL drop of PRINS buffer supplemented with 2.5% sucrose (Kubaláková et al., 1997) . The slides were air dried and used for FISH or GISH experiments.
Preparations of Mitotic Metaphase Spreads
Seeds were germinated on moistened filter paper in a glass Petri dish in the dark at 25°C for 3 to 4 d. Root tips were excised, transferred to distilled water and incubated overnight at 1°C in a box filled with ice water. Subsequently, root tips were fixed in ice-cold, 90% acetic acid for 10 min, washed three times in 70% ethanol, and stored in 70% ethanol at −20°C. Chromosome spreads were prepared using the drop technique of Kato et al. (2004 Kato et al. ( , 2006 , with minor modifications, as described by Danilova et al. (2012) .
Probe Labeling
A probe for the crested wheatgrass tandem repeat sequence ACRI_CL78 (Said et al., 2018a) was labeled by PCR with digoxigenin-dUTP (Roche) according to Said et al. (2018a) . A probe for the rye pSc200 repeat (Bedbrook et al., 1980) was labeled with biotin-dUTP (Roche) using genomic rye DNA as a template for amplification by PCR according to Tang et al. (2008) . The digoxigenin-labeled probe for (GAA) 7 microsatellite was prepared using PCR with (GAA) 7 and (CCT) 7 primers and rye genomic DNA as a template PCR as described by Kubaláková et al. (2005) 7 , and 5¢-FITC-(AG) 12 -FITC-3¢) were fluorescently labeled by the manufacturer (Sigma-Aldrich). Genomic DNA of accession PI 222957 and centromeric probe 192-bp repeat from einkorn (Triticum monococcum L.) (Ito et al., 2004) was labeled with either biotin-dUTP or digoxigenin-dUTP (Roche). Genomic DNA of crested wheatgrass used in GISH was labeled by nick translation using standard kits (Nick Translation Mix, Roche) following manufacturer's instructions, while the 192-bp centromeric repeat probe was amplified by PCR using DNA template from bread wheat according to Ito et al. (2004) .
Fluorescence In Situ Hybridization (FISH And GISH)
Pretreatment and stringency washing steps were omitted in the experiments with flow-sorted chromosomes. The probes were localized following the protocols of Cabrera et al. (2002) and Said et al. (2018a) with modifications. Briefly, digoxigenin-labeled probes were detected using antidigoxigenin fluorescein isothiocyanate (Roche). Biotin-labeled probes were detected with Cy3-conjugated streptavidin (Invitrogen). The hybridization mixture for FISH per slide (total volume = 10 mL) contained 50 ng labeled probe DNA, 50% v/v formamide, 2´SSC (0.15 mol L −1 NaCl plus 0.015 mol L −1 sodium citrate), 10% w/v dextran sulfate, 0.4 mg salmon sperm DNA and 0.1% w/v sodium dodecyl sulfate. For GISH, 5 mg wheat CS blocking DNA was included in the hybridization mix. The chromosomes and probes were denatured together at 80°C for 3 min under high moisture conditions. The hybridization was performed overnight at 37°C. The slides were washed, the hybridization sites were detected, and chromosomes were mounted and counterstained with DAPI in an antiphademedia (Vectashield, Vector Laboratories).
Microscopy, Software, Signal Capture and Image Analysis Chromosome preparations were examined using an Axio Imager Z.2 Zeiss microscope (Zeiss) equipped with a Cool Cube 1 camera (Metasystems) and appropriate filter sets. The signal capturing and picture processing was performed using ISIS software (Metasystems). The final image adjustment was done in Adobe Photoshop CS5 (Adobe Systems Incorporated).
RESULTS
Chromosome Sorting from Diploid and Tetraploid Crested Wheatgrass First, we investigated the possibility to sort chromosomes from Parkway (2n = 2x = 14) and accession PI 222957 (2n = 4x = 28) by size. Histograms of relative fluorescence intensity (flow karyotypes) obtained after the analysis of DAPI-stained chromosomes consisted of three peaks (Fig. 1a,b) .
Fluorescence in situ hybridization on chromosomes flow sorted onto microscopy slides using probes ACRI_CL78 and pSc200 enabled the identification of the chromosome content of each peak on the flow karyotypes (Fig. 1c,d, Fig. 2 ). Although we observed minor differences in the FISH signal pattern between homologous chromosomes flow sorted from the diploid and tetraploid accessions, these small polymorphisms did not hamper unambiguous identification and assignment of chromosomes to the peaks on flow karyotypes (Fig. 1c,d) . Interestingly, chromosomes flow sorted from Parkway and accession PI 222957 were up to five times longer than those in meristem root tip metaphase plates (Fig. 2) .
Fluorescence in situ hybridization analysis proved that chromosomes could be flow sorted only in groups of two or three. The identification of P-genome chromosomes showed that the flow karyotype peaks contain the same chromosomes in similar proportions in both Parkway and accession PI 222957 ( Fig. 1 ; Supplemental Table  S1 ). In Parkway, chromosomes 1P, 3P, and 4P were flow sorted from Peak I with proportions of 16.8, 40.5, and 37.6%, respectively. Peak II represented chromosomes 5P and 6P with proportions of 27.6 and 62.8%, respectively, whereas Peak III contained chromosomes 2P and 7P with proportions of 37.8 and 50.0%, respectively. In accession PI 222957, Peak I corresponded to chromosomes 1P (20.3%), 3P (32.7%), and 4P (33.5%), Peak II represented chromosomes 5P (23.8%) and 6P (55.2%), and Peak III represented chromosomes 2P (40.3%) and 7P (39.5%). In both species, each of the three peaks was slightly contaminated with chromosomes that were assigned to other peaks but were also oscillating between the peaks as shown in Supplemental Table S1 .
To improve chromosome discrimination, we applied bivariate flow cytometry after labeling the chromosomes of Parkway in suspension by FISHIS with FITC-conjugated (GAA) 7 microsatellite. However, adding the second parameter to DAPI fluorescence did not improve chromosome discrimination (Fig. 3) .
Chromosome Flow Sorting from Wheat-Crested Wheatgrass Disomic and Ditelosomic Addition Lines
Because the isolation of pure chromosome fractions was not possible from diploid and tetraploid genotypes of crested wheatgrass, we tested wheat-crested wheatgrass disomic and ditelosomic addition lines for chromosome sorting. Prior to flow cytogenetic analysis, the presence of Agropyron chromatin was verified by GISH in all disomic and ditelosomic addition lines, and this experiment revealed that the addition line 3P was monosomic and telosomic for chromosome 3P and for chromosome arm 3PS, respectively.
Chromosome suspensions prepared from wheatcrested wheatgrass addition lines were labeled by FISHIS with the (GAA) 7 microsatellite probe and stained by DAPI. The bivariate flow karyotypes obtained showed that the relative DNA content of crested wheatgrass chromosomes was similar to that of wheat B-genome chromosomes. However, as the wheat B-genome chromosomes have prominent (GAA) 7 clusters, their FITC fluorescence was much higher compared to chromosomes of crested wheatgrass, which lack visible (GAA) 7 clusters. These differences made it possible to discriminate crested wheatgrass chromosomes from those of wheat ( Fig. 4; Supplemental Fig. S1 ). The telosomic chromosomes of crested wheatgrass could also be discriminated from the wheat chromosomes on bivariate flow karyotypes (Supplemental Fig. S1 ), as their size, and the corresponding DAPI fluorescence intensity, was significantly lower than those of wheat chromosomes.
Crested wheatgrass chromosomes were flow sorted from wheat addition lines onto microscope slides and could be identified unambiguously by GISH when labeled total genomic DNA from accession PI 222957 was applied simultaneously with nonlabeled wheat genomic DNA used as a blocking DNA (Fig. 5) . The GISH analysis revealed that the P chromosomes of tetraploid A. cristatum could be flow sorted at high purities (1P, 93.6%; 2P, 90.2%; 3P, 98.1%; 4P, 81.7%; 5P, 98.2%; and 6P, 85.5%). The purities of P-chromosome arms flow sorted from telosomic addition lines were slightly lower (2PS, 70.8%; 2PL, 61.6%; 3PS, 86.4%; 4PS, 72.5%; 5PL, 44.8%; 6PS, 87.3%; and 6PL, 76.2%). The data about the purity of P chromosomes and telosomics flow sorted from wheatcrested wheatgrass addition lines are summarized in Table 1 . ) After flow sorting, chromosome composition of individual peaks (I, II and III) was determined by fluorescence in situ hybridization (FISH) using probes for tandem repeat ACRI_CL78 (yellow-green) and pSc200 (red) with characteristic labeling patterns. Chromosomes were counterstained with DAPI (blue). Peak I represents chromosomes 1P, 3P, and 4P; peak II represents chromosomes 5P and 6P; and peak III represents chromosomes 2P and 7P.
Flow Sorting of Supernumerary B Chromosomes from Crested Wheatgrass
Our previous work (data unpublished, 2018) revealed the presence of Bs in diploid crested wheatgrass accession PI 499388. The number of Bs in root tips cells ranged from one to three chromosomes per cell. The Bs were acrocentric and significantly smaller than the A chromosomes (Fig. 6) . In addition to their smaller size, Bs were characterized by a strong hybridization signal of the 192-bp centromeric repeat probe (Fig. 6b) compared with A chromosomes.
In addition to peaks representing intact A chromosomes, a bivariate flow karyotype DAPI-area vs. x-axis, relative DNA content; y-axis, relative (GAA) 7 content. Adding the second parameter to DAPI fluorescence did not improve chromosome discrimination as a result of the absence of (GAA) 7 repeat in the P genome.
DAPI-width obtained after the analysis of chromosomes isolated from accession PI 499388 contained a region representing chromatids and chromosome fragments. Nevertheless, the size of Bs was small enough that they could be discriminated from chromatids and chromosome fragments (Fig. 7) . Supernumerary B chromosomes could be flow sorted at purities reaching 95.4% as assessed by FISH on chromosomes flow sorted onto a microscopy slide using the centromeric 192-bp repeat probe (Fig. 6, Fig. 7) ; which confirmed the location of sorting region of Bs in the flow karyotype.
DISCUSSION
Numerous genes providing tolerance to biotic stress (i.e., resistance to barley yellow dwarf virus, wheat streak mosaic virus, yellow rust, leaf rust, stem rust, and powdery mildew) and abiotic stresses (i.e., cold-, salinity-and drought tolerance) as well as genes improving yield were identified in crested wheatgrass (Shukle et al., 1987; Brettell et al., 1988; Littlejohn, 1988; Whelan, 1988; Friebe et al., 1992; Luan et al., 2010; Song et al., 2013; Ceoloni et al., 2015; Ochoa et al., 2015) . In the present study, we extended the chromosomebased approach to the complex P-genome of crested wheatgrass (Said et al., 2018a) to produce genomic resources for chromosome-mediated gene transfer into wheat. . Genomic in situ hybridization using labeled genomic DNA from crested wheatgrass as a probe on chromosomes flow sorted from wheat-crested wheatgrass chromosome 1P addition line clearly distinguished crested wheatgrass and wheat chromosomes. Crested wheatgrass DNA was labeled with digoxigenin-dUTP to detect a population of chromosome 1P (Anti DIG-FITC: green). Chromosomes were counterstained by 4¢,6-diamidino-2-phenylindole (DAPI) (blue). Size of flow-sorted chromosomes was approximately five times that of chromosomes from mitotic metaphase spreads prepared by the drop technique.
Over the years, chromosome flow sorting has proven to be a powerful tool in simplifying the analysis of complex plant genomes . Among other uses, the method was instrumental for the construction of chromosome-specific DNA libraries and development of molecular and cytogenetic markers (Šimková et al., 2008a; Doležel et al., 2012 Doležel et al., , 2014 . The availability of purified chromosome fractions facilitated the establishment of wheat-wild relatives cross-genome homeology (Molnár et al., 2011b (Molnár et al., , 2016 , development of linear geneorder chromosome models, and assessment of gene synteny (Mayer et al., 2009 (Mayer et al., , 2011 Martis et al., 2013; IWGSC, 2014; Molnár et al., 2016) . The method was equally essential for the development of the reference genome of important species, such as barley (International Barley Genome Sequencing Consortium, 2012) and bread wheat (IWGSC, 2018) . To date, protocols for flow cytometric analysis and chromosome flow sorting have been developed for over 30 species from more than 20 genera including agronomically important cereals and their wild relatives (Vrána et al., 2016a,b) . This work reports on the development of chromosome sorting in crested wheatgrass to facilitate the analysis of its complex genome.
The initial flow cytometric analyses of chromosome suspensions prepared from diploid and tetraploid crested wheatgrass showed that based on DAPI fluorescence alone, the chromosomes could be flow sorted only in groups of two or three. Similar results were obtained in several other cultivated and wild plant species, such as rye, durum wheat [Triticum turgidum L. subsp. durum (Desf.) Husn.], Ae. umbellulata, Ae. comosa, Ae. speltoides,Tausch., and Ae. markgrafii (Greuter) K. Hammer (Kubaláková et al., 2003 (Kubaláková et al., , 2005 Molnár et al., 2011b Molnár et al., , 2014 . We assigned the chromosomes to flow karyotype peaks after FISH on flow-sorted chromosomes using DNA repeats probes pSc200 (Bedbrook et al., 1980) and ACRI_CL78 developed by Said et al. (2018a) . During this work, a slight polymorphism in FISH signal patterns between some of the homologous chromosomes was observed, and the differences were more pronounced between homologs flow sorted from tetraploid crested wheatgrass. The slight differences between homologs could be due to the openpollinated nature of the species. Such variation in Parkway was observed previously (Said et al., 2018a) , and similar observations have been made in other genotypes of crested wheatgrass (Linc et al., 2017) and other open-pollinated species such as rye (Szakács and Molnár-Láng, 2008) . The results of flow karyotyping in crested wheatgrass are consistent with our data on chromosome length (Said et al., 2018a) . The order of chromosomes from the shortest to the largest (4P, 3P, 1P, 7P, 5P, 6P, and 2P) agrees with the assignment of chromosome groups to Peaks I (1P, 3P, 4P), II (5P, 6P) and III (2P, 7P) on monoparametric (DAPI-) flow karyotypes. Although this result indicates that it is not possible to obtain a single type chromosome fractions, it shows that it is possible to dissect the complex genome into groups of some specific chromosomes and thus to simplify downstream analyses, as demonstrated in bread wheat by Vrána et al. (2015) . Bivariate flow karyotyping DAPI vs. (GAA) 7 -FITC did not improve the resolution of individual chromosomes of Parkway. This finding and the low FITC fluorescence intensity suggest the absence of (GAA) 7 satellite clusters in the crested wheatgrass genome, which was proved by FISH with a probe for GAA repeats on mitotic chromosome spreads prepared from Parkway and accession PI 222957. These findings confirmed the results of Sepsi et al. (2008) and Linc et al. (2017) who reported the absence of (GAA) 7 FISH signals on chromosome spreads from two accessions of diploid crested wheatgrass and tall wheatgrass (Thinopyrum ponticum (Podp.) Barkworth & D. R. Dewey) genomes. Similarly, eight other microsatellite repeats-(AAC) 5 , (GCC) 5 , (AGG) 5 , (ACG) 5 , (ACT) 5 , (GACA) 4 , (AAT) 7 , and (AG) 12 -that we tested by FISH on mitotic chromosome spreads from diploid and tetraploid crested wheatgrass accessions failed to show any hybridization signals. This is consistent with the findings of Linc et al. (2017) , who did not detect FISH signals with probes for six microsatellites-(ACT) n , (CAG) n , (AGG) n , (CAC) n , (AAC) n , and (ACG) n -on mitotic chromosome plates in two genotypes of diploid crested wheatgrass. Although ACRI_CL78 and pSc200 sequences gave clear FISH signals on mitotic chromosome spreads of crested wheatgrass, application of these DNA repeats as FISHIS probe did not improve the resolution of individual chromosomes in the flow karyotypes of the species. Thus, neither monoparametric nor bivariate flow karyotyping permitted dissecting the genome of crested wheatgrass to individual chromosomes.
However, even if it is not possible to sort individual chromosomes from diploid and tetraploid crested wheatgrass, the method described in this paper may still have some important applications. One is to dissect the complex genome to smaller parts represented by two or three chromosomes to reduce sample complexity prior to sequencing and other uses of chromosomal DNA. Another application involves FISH with increased physical resolution, which may be conveniently performed on thousands of chromosomes flow sorted onto a microscope slide Endo et al., 2014) . In the present work, the estimated size of flow-sorted chromosomes was approximately five times that of chromosomes from mitotic metaphase spreads prepared by the drop technique. This compares well with the study of Endo et al. (2014) , in which the size of flow-sorted wheat chromosomes 1B and 6B were more than seven times longer than chromosomes in mitotic metaphase plates. The hyperexpanded chromosomes of crested wheatgrass will also be useful for the construction of detailed cytological maps using single-copy FISH (Said et al., 2018a) . In fact, the spatial resolution of FISH may be increased further by artificial stretching of flow-sorted chromosomes. This was demonstrated by Valárik et al. (2004) who reached the maximum detection sensitivity of 1 kbp and spatial resolution of 70 kbp.
An efficient approach to overcoming difficulties in flow sorting chromosomes of interest is the use of chromosome translocation, deletion, or addition lines (Doležel and Lucretti, 1995; Doležel et al., 2014) . This approach has been used by Kubaláková et al. (2002) to flow sort translocations T5BL·7BL and T4AL·4AS-5BL from the wheat cultivars Cappelle Desprez and Jubilar, respectively, and to purify short and long arms of the chromosomes 1A, 3A, and 3B from durum wheat cv. Langdon ditelosomic lines (Kubaláková et al., 2005) . It has also been demonstrated that discrimination and flow cytometric sorting of rye chromosomes 2R through 7R was possible from wheat-rye disomic addition lines (Kubaláková et al., 2003) . Later, this approach was used in the wheat genome-sequencing project where ditelosomic lines were used to sort short and long arms of wheat chromosomes (excluding 3B) (IWGSC, 2014 (IWGSC, , 2018 . In our work, we used wheat-crested wheatgrass disomic and ditelosomic chromosome addition lines, where a nearly complete set of chromosomes of tetraploid crested wheatgrass were individually transferred to bread wheat CS (Chen et al., 1989 (Chen et al., , 1994 .
Although FISHIS with a probe for (GAA) 7 microsatellite did not aid in discriminating individual chromosomes in diploid and tetraploid crested wheatgrass, we found that it was useful to sort crested wheatgrass chromosomes and ditelosomics from wheat addition lines. While there was no fluorescent signal on crested wheatgrass chromosomes, wheat chromosomes were clearly labeled, and this permitted the discrimination of Agropyron chromosomes and allowed to sort them with purities ranging from 85.5 to 98.2% in disomic addition lines and from 44.8 to 87.3% in telosomic addition lines (Table 1) . These slightly lower purities were a consequence of the fact that because of the small size of telosomics, their populations on flow karyotype overlapped with the region represented by chromosome fragments. The use of alien addition lines for chromosome sorting greatly facilitated the identification of flow-sorted chromosomes and determination of their purity. As each wheat-crested wheatgrass addition line carries only one pair of Agropyron chromosomes (Chen et al., 1994) , there was no need to perform FISH with probes that identify individual chromosomes, and we could use GISH to discriminate Agropyron chromosomes from the contaminating chromosomes of wheat.
While Bs were thought to be dispensable, genetically inert elements, Ma et al. (2017) found a functional Argonaute-like protein on rye Bs. In chives (Allium schoenoprasum L.), the increased survival of B-containing individuals in natural populations has been attributed to the effects of Bs on germination behavior (Plowman and Bougourd, 1994) . In other species, a capacity of Bs to behave as diploidizing agents for chromosome pairing in certain allopolyploid has been observed (Jenkins, 1985 (Jenkins, , 1986 Jones and Houben, 2003) . It seems that Bs can also influence meiotic recombination through the modulation of chiasma frequency and distribution in the A chromosomes (Harper et al., 2018) . Flow sorting and sequencing of Bs showed that Bs of rye were rich in genic sequences, and their origins can be traced to fragments of several A chromosomes, with the largest parts corresponding to rye chromosomes 3R and 7R and revealed a massive accumulation of plastid and mitochondrial DNA (Martis et al., 2012) .
We detected Bs only in crested wheatgrass accession PI 499388, and this observation is consistent with Copete et al. (2018) who studied 115 crested wheatgrass accessions and reported the existence of Bs only in the diploid accession PI 499388. However, in their work, they did not mention the Bs copy number per cell. Our observation on the variable number of Bs (1-3 copies) in root tip cells between individuals of diploid crested wheatgrass accession PI 499388 is consistent with the observations of Klemme et al. (2013) . Because of the small size of Bs relative to A chromosomes, a region representing Bs on monovariate flow karyotype was sorted and FISH characterized (Fig. 7) . This permitted sorting Bs at purities reaching 95.4%. The identification of Bs in flow-sorted chromosome fractions was facilitated by the stronger hybridization signal of the centromeric 192-bp DNA repeat probe (Ito et al., 2004 ) compared with the A chromosomes. Similarly, Marques et al. (2013) and Klemme et al. (2013) reported FISH probes specific for the pericentromeric and interstitial regions of Bs from rye and maize (Zea mays L.).
CONCLUSIONS AND FUTURE PROSPECTS
We have applied an efficient approach for dissecting the complex genome of crested wheatgrass into individual chromosomes, each of them representing only 11.9 to 16.3% of the whole genome (Said et al., 2018a) . The chromosome-or chromosome-arm-specific subgenomic DNA samples provide attractive resources to perform structural and functional genome analysis of an important wild wheat relative and to develop molecular tools to facilitate the exploitation of crested wheatgrass in wheat-alien introgression breeding. Successful sorting of Bs of crested wheatgrass provides an opportunity to determine their gene content and reveal their origin, as well as discovering the mechanisms responsible for their maintenance into the population.
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